• HBV viral load is an important predictor of adverse outcomes in patients with chronic HBV (CHB).
• Liver steatosis may co-occur with CHB but its effect on all-cause mortality and cancer has not been determined.
• Liver steatosis is significantly associated with allcause mortality and cancer in patients with CHB.
• The effect of liver steatosis on mortality and cancer is stronger than the effect of HBV viral load.
• Patients with CHB and liver steatosis should be closely monitored, irrespective of their viral load.
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Lay summary
Patients with chronic hepatitis B infection (CHB) may have liver steatosis at the same time. Here we show that in patients with CHB, liver steatosis is significantly associated with all-cause mortality and cancer, irrespective of other major metabolic factors, and the effect of liver steatosis on mortality and cancer is stronger than the effect of hepatitis B viral load on these outcomes. Thus, patients with CHB and liver steatosis should be closely monitored, irrespective of their viral load.
Introduction
Chronic hepatitis B infection (CHB) is one of the most prevalent liver diseases worldwide 1 and is a leading cause of death, mainly due to the development of end-stage liver disease and liver cancer (hepatocellular carcinoma, [HCC] ). 2, 3 Elevated viral load (VL) is a strong predictor for liver cirrhosis, HCC and liverrelated mortality, [4] [5] [6] [7] [8] underscoring the importance of long-term treatment of viremic patients with drugs that efficiently suppress viral replication. 9 It is estimated that at least 30% of patients with CHB have nonalcoholic fatty liver disease with liver steatosis (LS), 10 ,11 a condition associated with the metabolic syndrome and a major risk factor by itself for liver and non-liver-related morbidity and mortality. [12] [13] [14] [15] [16] Previous studies have recognized the metabolic syndrome as a risk factor for progression to cirrhosis in patients with CHB infection, independent of VL and alanine aminotransferase levels. 17, 18 In addition, elevated body mass index (BMI) proved to be an independent risk factor for liver-related mortality in this group of patients. 19 Although both hepatitis B virus (HBV) VL and LS are implicated in long-term unfavorable outcomes, interactions between LS and VL, and their relative contributions to long-term outcomes in these patients, have yet to be determined. In this study, we investigated possible interactions between LS and HBV replication and their distinctive contributions to major clinical endpoints, including all-cause mortality and the development of cancer.
Patients and methods

Patients
Patients presenting at our liver clinic from January 2007 to December 2017, older than 18 years and positive for hepatitis B surface antigen (HBsAg), were eligible for the study. Patients with other concomitant liver diseases, including hepatitis C, alcoholrelated liver disease or alcohol consumption, drug-related liver disease, liver transplantation, previous liver surgery regardless of type and cause, a diagnosis of any type of cancer (including HCC), known HIV infection or pregnancy were excluded. Patients who already had been on antiviral treatment for CHB were excluded. The study was approved by the local institutional review board of the Rabin Medical Center according to the local regulations (RMC-17-0530) and was conducted according to ethical guidelines of the 1975 Declaration of Helsinki.
Assessments and outcome measures
A comprehensive assessment of patients' demographic, clinical and laboratory data, and a systematic review of patients' electronic records were performed. Patients were assigned a diagnosis of type 2 DM in cases of documented use of oral hypoglycemic drugs or insulin, or if the general practitioner (GP) had made this diagnosis. Patients were considered as having hypertension if the GP had made this diagnosis according to established guidelines or if they were using antihypertensive drug(s). The duration of CHB was defined from the first HBsAg-positivity known in the patients' electronic records. Laboratory assessment included basic liver biochemistries, creatinine, albumin, bilirubin, alphafetoprotein, complete blood count, international normalized ratio, triglycerides, total cholesterol, hemoglobin A1C and serum HBV DNA. Liver fibrosis was assessed by aspartate aminotransferase to platelet ratio index (APRI) score and fibrosis-4 (FIB-4) score with well-established cut-offs. All patients included in the study underwent at least 3 ultrasonographic (US) studies with repeated evaluation of LS in each exam. Patients with less than 3 US studies or conflicting results of LS status were excluded. The sonographic appearance of LS was ranked as mild, moderate or severe by the examiners as recorded in the medical records. In cases where liver biopsies had been performed, the histological results were recorded from the patients' files. Only biopsies that took place in the first 6 months after presentation were included in the study. The level of steatosis was assessed and graded on a scale from 1 to 3 (1 = up to 30% of hepatocytes affected, 2 = 30%-60% of hepatocytes affected, 3 = more than 70% of hepatocytes affected). The degree of fibrosis was reported using the Metavir score, and Metavir scores of F3-F4 were considered as advanced fibrosis.
Time at risk was defined as time from the date of first visit in the liver clinic to the date of outcome or to the last day of followup. The primary end point of the study was the composite endpoint of all-cause mortality and development of cancer. Secondary endpoints included all-cause mortality, malignancy of any type, and the development of HCC. According to well established guidelines, HBV VL of 2,000 IU/ml is a threshold for antiviral treatment in HBV e antigen (HBeAg) negative patients with hepatitis. 20 Our cohort of patients is composed primarily of HBeAg negative patients, and according to that, we defined a high level of HBV VL as > 2,000 IU/ml, and a low level of HBV VL as ≤ 2,000 IU/ml.
Statistical analysis
Characteristics of study patients were compared using the Student's t test, Chi-square, or Fisher's exact tests, as appropriate. The probability of the composite endpoint of all-cause mortality and cancer by LS for each VL group was graphically displayed according to the Kaplan-Meier method, with comparison of cumulative events by the log-rank test.
Correlation between LS assessed by US and liver biopsy was evaluated by the Pearson correlation coefficient. A step-wise cox proportional hazards regression analysis was conducted to identify independent variables associated with the primary endpoint, and predictors with p value <0.1 were included in the first model. We forced HBV VL, type 2 DM and BMI as a part of the cox regression analysis in order to find the contribution of both HBV VL and these metabolic factors to the primary outcome, and to compare their effect to the effect of LS on the primary outcome.
The final multivariate analysis model included the following variables: age, albumin, alpha-fetoprotein, LS type 2 DM, BMI and HBV VL. Variables with missing values in more than 20% of the patients were not included in the statistical analysis. In order to confirm the robustness of our statistical analysis and in order to avoid potential biases we also conducted sensitivity analyses. In addition, the potential synergistic effect between LS and CHB was assessed by comparison to a historic cohort of 153 patients with biopsy-proven non-alcoholic fatty liver disease (NAFLD) who were monitored in our facilities. The patients included in this historic cohort underwent liver biopsy as part of their evaluation between 2006 to 2012, and were monitored until 2017 with a mean follow-up of 8 years as previously described. 21 Statistical analysis was performed using SPSS version 25 (SPSS Inc., Chicago, IL). A 2-sided p value of less than 0.05 was considered statistically significant.
Results
Patients' baseline characteristics A total of 651 patients presented to the liver clinic due to CHB infection, of which 524 treatment-naïve patients were included in the study, as depicted in Fig. 1 . According to liver ultrasonography, 241 patients (46% of the study population) had LS while 283 did not.
One-hundred and seventy patients had undergone liver biopsy at the discretion of their physician. We found a strong correlation between the level of LS, as assessed by US and the actual biopsy-proven liver steatosis (Pearson's r = 0.9, p <0.001).
The baseline characteristics of the study population, according to LS status, are presented in Table 1 . Patients with LS were significantly older than patients without LS. As expected, patients with LS had higher BMI, triglyceride levels and total cholesterol levels than patients without LS. In addition, type 2 DM and hypertension were significantly more common in the LS population (p < 0.05 for all). Patients with LS had lower APRI score (0.53, compared to 0.69 for patients without LS, p = 0.051), and the 2 groups did not significantly differ in their baseline FIB-4 score. In addition, the 2 groups did not differ in the levels of serum liver enzymes and duration of CHB infection. Only 7.44% of the study population were positive for HBeAg, and most of them did not have LS (12.8% vs. 1.2%, p <0.001).
Major clinical outcome during follow-up
The cohort of patients included in the study had a mean followup period of 73.62 months (median 70 months, range 1.79-168.04). Table 2 outlines major clinical outcomes of the study population during the follow-up period according to baseline LS status. The presence of LS was significantly associated with the development of the composite primary outcome (15.4% compared to 4.6% in patients without LS, p <0.001). LS was also associated with each component of the primary outcome -all-cause mortality (6.6% vs. 1.4%, p = 0.01), the development of any type of cancer (13.3% vs. 3.2%, p < 0.001) and HCC (5.4% vs. 1.4%, p = 0.01). Patients with LS were more likely to be hospitalized during the follow-up period (1.48 vs. 0.81 admissions, p <0.001) and had longer hospitalization stays (1.4 vs. 0.8 days, p = 0.01) compared to patients without LS. In addition, patients without LS were more likely to start anti-HBV treatment during the follow-up period (48.8% vs. 29.5%, p < 0.001), most probably due to their higher baseline VL.
Twenty mortality events were recorded during follow-up, of which 8 (40%) were attributed to cirrhosis and its complications, 8 (40%) were attributed to infections and 4 (20%) were attributed to cardiovascular diseases.
A newly diagnosed cancer occurred in 42 patients (8% of the study population) during follow-up. Of them, 18 patients (42.85%) had HCC, 5 patients (11.90%) had breast cancer, 4 patients (9.52%) had colon cancer, 4 patients (9.52%) had lymphoma and 2 patients (4.76%) had prostate cancer. Nine other patients had (1 case each): carcinoid, cholangiocarcinoma, esophageal cancer, gastric cancer, glioblastoma multiforme, multiple myeloma, renal cell carcinoma, sarcoma or transitional cell carcinoma.
A total of 209 patients (39.88%) started antiviral therapy during the follow-up period; 188 patients (35.87% of the study population) had started antiviral therapy within the first 12 months of the follow-up and another 21 patients, who were not eligible for treatment at the first year of follow-up, have become eligible for treatment during follow-up thereafter. Treatment regimens include tenofovir (82 patients, 39.23% of treated patients), entecavir (65 patients, 31.10% of treated patients), lamivudine (45 patients, 21.53% of treated patients) and pegylated interferon (17 patients, 8.13% of treated patients).
Next, a Kaplan-Meier analysis of the composite endpoint of mortality and cancers during the follow-up period, as a function of both baseline VL and LS status, was performed (Fig. 2) . As expected, patients without LS and with a low baseline VL (< 2,000 IU/ml) had the most favorable prognosis during the follow-up period, whereas patients with LS had bad prognosis regardless of HBV VL. Most importantly, patients with high VL but without LS did better than those with LS but with low VL, suggesting that LS has a greater impact on long-term prognosis than VL in patients with CHB. Table S1 presents variables associated with the composite outcome of mortality or development of cancer among patients. By multivariate analysis, baseline LS was associated with a 4-fold increased risk of the composite outcome, even after adjusting for other major metabolic factors as shown in Table 3 . Other independent predictors of the primary outcome included old age, elevated alpha-fetoprotein and low albumin levels. Interestingly, high HBV VL, type 2 DM and BMI were not found to be significantly associated with the composite outcome of mortality and cancer.
The interaction between HBV viral load and liver steatosis Untreated patients with CHB and LS had a significantly lower average baseline HBV VL compared to patients without LS (Log HBV DNA 2.09 ± 0.94 vs. 4.83 ± 1.87, p <0.001) ( Table 1 ). The distribution of HBV VL according to the degree of LS, as determined by US and by liver biopsies, is shown in Fig. 3A and 3B , respectively. An inverse association was observed between the degree of LS, evaluated either by US or by liver biopsy, and HBV VL (ANOVA p <0.001 for both).
Fibrosis and major clinical outcomes
Out of 170 patients that underwent liver biopsy as part of their evaluation, 27 (19.28%) had advanced fibrosis. The presence of advanced fibrosis was significantly associated with all-cause mortality and the development of cancer (p = 0.01, Table S2-A). We also evaluated the association between the non-invasive fibrosis markers APRI and FIB-4 scores and major clinical outcomes, as reported in Table S2B and S2C.
Sensitivity analyses
In order to test the robustness of our analysis and to remove the potential bias related to the lower rates of antiviral therapy in patients with LS, a phenomenon that might explain the higher risk of all-cause mortality and cancer in these patients, we have conducted several sensitivity analyses. First, we evaluated the rates of the primary outcome only in patients who received antiviral therapy during follow-up (Table S3) . Even in this population of high baseline VL, which ultimately led to antiviral therapy initiation, LS was significantly associated with the development of the composite primary outcome (36.6% compared to 6.5% in patients without LS, p <0.001).
Next, in order to assess the specific influence of the initiation of antiviral therapy on the primary outcome, we forced it to the multivariate analysis. This did not significantly change the effect of LS on the primary outcome (hazard ratio [HR] 4.96; 95% CI 1.84-13.33; p = 0.002, Table S4 ). In addition, we assessed the impact of advanced fibrosis markers on the primary outcome by adding APRI and FIB-4 scores to the multivariate analysis. This also did not change the influence of LS on the primary outcome as shown in Table S5 . We further evaluated the effect of LS on a different composite outcome of all-cause mortality and the development of HCC specifically (Table S6) , showing that the effect of LS on this specific outcome (HR 4.29; 95% CI 1.18-15.61; p = 0.029) was similar to its effect on the primary composite outcome of mortality and cancer.
Finally, we evaluated the potential synergism between LS and CHB using a well-established historic cohort of 153 patients with NAFLD. As this latter cohort included only patients that The data for continuous variables include mean and range. ALP, alkaline phosphatase; APRI, AST to platelet ratio index; BMI, body mass index; DM2 = type 2 diabetes mellitus; FIB-4, fibrosis 4 score; GGT, gamma glutamyltransferase; HBV, hepatitis B virus; HBeAg, HBV e antigen; HDV, hepatitis D virus; HTN, hypertension; INR, international normalized ratio. HBV DNA lower limit of detection is 1.3 log IU/ml (20 IU/ml); SD = standard deviation Table 2 . Major clinical outcomes of study population during the follow-up period according to baseline liver steatosis status. Research article underwent liver biopsy, we used our cohort of patients with CHB who underwent liver biopsy (n = 170) for comparison. A KaplanMeier analysis of the composite endpoint of mortality and cancers as a function of the basic liver pathology was performed and depicted in Fig. S1 . Patients with LS and CHB had significantly higher rates of the primary outcome compared to patients with NAFLD or patients with CHB without liver steatosis (log-rank p < 0.001). In a multivariate analysis, the presence of LS and CHB were significantly associated with the primary outcome (HR 21.15; 95% CI 4.90-90.09; p <0.001) (Table S7 ).
Discussion
In this large single-center retrospective cohort study, the presence of LS among treatment-naïve patients with CHB was a major risk factor for the development of all types of cancer, both hepatic and extrahepatic, in addition to all-cause mortality, whereas HBV VL was not significantly associated with these poor outcomes. Importantly, about a third of the patients had an available liver biopsy, and a good correlation between US and liver biopsy in assessing LS status was found. In addition, we found that LS and its degree were inversely associated with HBV VL. The main question in our study focused on the association of major clinical outcomes among patients with CHB and coexistent LS. The association between CHB infection and the development of HCC and all-cause mortality has been previously studied, 22, 23 although the association of LS with these outcomes in this particular population of patients with CHB had not been thoroughly investigated. Previous studies have shown the connection between LS and the metabolic syndrome, a major risk factor by itself for liver and non-liver-related morbidity and mortality. We believe that this observation stands in the basis of our findings. In addition, we identified a synergistic effect between LS and CHB compared to patients with biopsy-proven NAFLD that may explain our results. In contrast to NAFLD, the majority of mortality events in our cohort resulted from complications related to cirrhosis and infections. Mortality due to cardiovascular events occurred in only 20% of deceased patients and was the third leading cause of death. Although previous studies suggested that cardiovascular, rather than liver-related, complications are the leading cause of mortality in patients with NAFLD, 24 we believe that the synergistic effect of LS with CHB resulted in a more rapid development of advanced liver disease and its complications, compared to patients with NAFLD but without CHB. However, further studies directly comparing long-term outcomes of patients with CHB and LS to patients with NAFLD without CHB are needed to confirm this hypothesis.
After a mean follow-up period of 73.62 months, 39.88% of the study population started anti-HBV treatment, most of them with tenofovir or entecavir. These rates are similar to reported treatment eligibility rates of patients with CHB, which range from 16% to 50%, 25, 26 with patients undergoing evaluation in community gastroenterology clinics or by primary care physicians being less likely to receive treatment. 27 In our study, patients without No steatosis and HBV VL <2,000 IU/ml No steatosis and HBV VL >2,000 IU/ml Steatosis and HBV VL <2,000 IU/ml Steatosis and HBV VL >2,000 IU/ml
Risk of death and cancer (%) Fig. 2 . Cumulative rates of mortality and all types of cancer (primary composite outcome) according to the status of HBV viral load and liver steatosis. HBV, hepatitis B virus; VL, viral load. LS were more likely to be eligible for treatment, most probably due to a higher baseline VL associated with the absence of LS. Nonetheless, even when evaluated in the subgroup of patients that were treated with anti-HBV drugs, LS was still significantly associated with all-cause mortality and cancer, and its hazardous effect was statistically significant even when adjusting for initiation of anti-HBV therapy.
In our study, we also observed an inverse association between HBV VL and LS. Previous studies have reported this inverse association 28, 29 but have not used liver biopsies as the gold standard for the assessment of LS. In our cohort, the inverse association between HBV VL and LS was observed both in the entire cohort and in the subgroup of 170 patients who underwent a liver biopsy. The mechanisms underlying the inverse association between LS and HBV replication are not clear. The cross-talk between HBV gene expression and replication and the metabolic milieu of the liver has been shown in several studies in the past. [30] [31] [32] [33] Moreover, few studies have postulated that fat deposition in HBV-infected hepatocytes may reduce HBV replication directly, or alternatively, by inducing hepatocyte apoptosis. 34, 35 In this regard, in our study we did not observe any significant differences in serum alanine aminotransferase levels between patients with CHB, with or without LS, arguing against the possibility of massive hepatocyte damage in these patients.
In line with our results obtained in patients with CHB, a study by Hu et al. 36 has shown that the presence of LS attenuates HBV replication in hydrodynamically HBV DNA injected immunocompetent mice. Further in vitro and in vivo studies are needed in order to elucidate whether the presence of LS creates a local micro-environment that is suboptimal for HBV replication, or alternatively the systemic effect implicated by the metabolic derangements associated with fatty liver is the cause for HBV replication reduction.
This study has several strengths. It is based on a large cohort of treatment-naïve patients at baseline and in addition, a large portion of these patients underwent liver biopsy and therefore information about the grade of their LS was available. Nonetheless, this study is retrospective in nature and based on data of a single tertiary center. In addition, waist circumference, smoking status, high-density lipoprotein and HBsAg quantitative plasma levels were not available for more than 20% of the study population and hence were not a part of the statistical analysis.
In our cohort, patients with LS did not have a higher baseline fibrosis stage as assessed by APRI or FIB-4 scores, compared to patients without LS. However, assessment or liver fibrosis by biopsy or elastography was not available for most of our study cohort and we are well aware of the limitation of both APRI and FIB-4 as non-invasive tools for assessing liver fibrosis in patients with CHB. 37 In conclusion, LS, although associated with a lower HBV VL, is a major risk factor for all-cause mortality and the development of cancer in patients with CHB. Therefore, this subgroup of patients should be closely monitored and screened for both hepatic as well extrahepatic malignancies, irrespective of their VL. Further studies are needed to address possible mechanisms underlying the inverse association between HBV VL and the presence of LS.
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